Nucleoside reverse transcriptase inhibitors (NRTIs) are antiretrovirals for AIDS with limiting mitochondrial side effects. The mitochondrial deoxynucleotide carrier (DNC) transports phosphorylated nucleosides for mitochondrial DNA replication and can transport phosphorylated NRTIs into mitochondria. Transgenic mice (TG) that exclusively overexpress DNC in the heart tested DNC's role in mitochondrial dysfunction from NRTIs. Two TG lines were created that overexpressed the human DNC gene in murine myocardium. Cardiac and mitochondrial structure and function were examined by magnetic resonance imaging, echocardiography, electrocardiography, transmission electron microscopy, and plasma lactate. Antiretroviral combinations (HAART) that contained NRTIs (stavudine (2 0 , 3 0 -didehydro-2 0 , 3 0 -deoxythymidine or d4T)/lamivudine/indinavir; or zidovudine (3 0 azido-3 0 -deoxythymidine or AZT)/lamivudine/indinavir; 35 days) were administered to simulate AIDS therapy. In parallel, a HAART combination without NRTIs (nevirapine/efavirenz/indinavir; 35 days) served as an NRTI-sparing, control regimen. Untreated DNC TGs exhibited normal cardiac function but abnormal mitochondrial ultrastructure. HAART that contained NRTIs caused cardiomyopathy in TGs with increased left ventricle mass and volume, heart rate variability, and worse mitochondrial ultrastructural defects. In contrast, treatment with an NRTI-sparing HAART regimen caused no cardiac changes. Data suggest the DNC is integral to mitochondrial homeostasis in vivo and may relate mechanistically to mitochondrial dysfunction in patients treated with HAART regimens that contain NRTIs. Laboratory Investigation (2005) 85, 972-981.
The inner mitochondrial membrane contains transport proteins to move molecules into and out of the matrix. Members of the mitochondrial carrier family of proteins contain three conserved tandemrepeated sequences (B100 residues with two hydrophobic transmembrane a-helices and a hydrophilic segment thought to be an extramembranous loop 1 ). One of these proteins functions as a deoxynucleotide carrier (DNC) to import phosphorylated precursors of mitochondrial (mt-) DNA synthesis and has been characterized. [1] [2] [3] Toxicity to mitochondria from antiretroviral nucleoside reverse transcriptase inhibitors (NRTI) is an established side effect of AIDS therapy that limits effective treatment (reviewed in Lewis et al 4 ) . Alternative combinations that are NRTI-sparing may be effective if toxicity is a significant clinical problem (reviewed in Joly et al 5 ) . Since DNC provides a route for mitochondrial uptake of NRTIs including zidovudine (3 0 azido-3 0 -deoxythymidine or AZT) and stavudine (2 0 , 3 0 -didehydro-2 0 , 3 0 -deoxythymidine or d4T), its role in mitochondrial NRTI import and toxicity was addressed in vivo using transgenic mice (TG) and HAART treatment. One HAART regimen included NRTIs (with either an AZT or D4T 'backbone'). A second NRTI-sparing regimen was administered in parallel as a control.
DNC overexpressed in the murine heart caused reduplicated mitochondrial cristae, but not cardiac dysfunction. The addition of therapeutic doses of HAART that contained NRTIs worsened cardiac mitochondrial destruction and caused cardiomyopathy (CM) with cardiac dysfunction. In contrast, treatment with NRTI-sparing HAART caused no cardiac changes. Data from DNC TGs indicate that DNC plays a critical role in nucleotide homeostasis, pharmacological handling of NRTIs, and in the development of mitochondrial side effects from NRTI-containing HAART regimens.
Materials and methods
Generation of a-MyHC/DNC TG Established methods were employed essentially as described previously. 6 A 963-bp fragment containing the human DNC gene was amplified using the primers DNC5 0 and DNC3 0 and cloned into a pBluescript 5K vector. The a-MyHC clone 26 (compliments of Jeff Robbins, Children's Research Foundation, Cincinnati, OH, USA 7 ) was digested with SalI and HindIII (Roche Applied Science, Indianapolis, IN, USA) to facilitate construction of the final vector.
Treatment Protocols
Procedures complied with Emory IACUC and NIH guidelines. Drugs were from the manufacturers or from the Emory Center for AIDS Research Pharmacology Core (Raymond Schinazi, VA Medical Center, Decatur, GA, USA). Dosing was carried out by daily gavage (morning) at doses that resemble human therapy. Doses used were AZT ¼ 0.22 mg/day; D4T ¼ 0.0285 mg/day; 3TC ¼ 0.11 mg/day; and indinavir ¼ 0.9 mg/day. For protocols with NRTIsparing HAART, cohorts received a HAART combination without NRTIs (nevirapine ¼ 0.14 mg/day; efavirenz ¼ 0.21 mg/day; indinavir ¼ 0.9 mg/day). Drug-free vehicle served as control. A 1 ml syringe was fitted with a 20-Gauge 5 cm curved feeding needle with a 2.25 mm ball at the end. The tip was inserted down the esophagus and medication administered (250 ml).
Genotyping
For the TG line a-MyHC/DNC, the transgene was detected in the founders and their offspring using Southern blotting and PCR essentially as described previously. 6 
RNA Extraction, Northern Analysis, and Immunoblotting
Methods resembled those used by us. 6 Echocardiography (ECHO) in DNC TG and WT For ECHO observations in the HAART protocols with AZT backbone, TG þ AZT HAART N ¼ 9;
HAART N ¼ 12; and WT þ vehicle N ¼ 9. ECHO studies were performed in age-and gender-matched (littermate) WT and TGs. Methods were those described previously. 8 
Magnetic Resonance Imaging (MRI) Protocol
Mice from the AZT-containing HAART protocol were used for MRI evaluation. Mice were sedated using ketamine/xylazine and kept warm under a warming light. To maintain body temperature, a continuously circulating water-jacketed platform was used. After sedation, a small animal monitoring system was employed. Two platinum electrocardiography (ECG) electrodes were in the forelimb and hind limb. A rectal probe monitored core temperature. A computer was used to monitor continuous real-time waveforms, measured values, trends, and gating pulses. Data acquisition was controlled by menu-driven software. Body temperature was monitored throughout and maintained at 37711C. The animal was positioned inside a 3.7 cm (internal diameter) 16-element 'birdcage' body coil, which was inserted to the magnet center. The ECG signal triggered the MR scanner. Imaging was performed on a horizontal bore, Varian Inova 4.7 T MRI scanner with an insert gradient coil 24 G/cm and 250 ms rise time. ECG-gated survey images were acquired in the coronal plane to locate the heart. Planing of a slice along the long axis of the heart was performed from base to apex. This slice was acquired with a 2-dimension, cine FLASH sequence. Planing was performed from a set of contiguous images on the VLA image at end-diastole, 1-mm thick, short-axis images that were acquired using the same 2-dimension, 10-frame cine FLASH sequence used for the VLA images. An echo time of 3.2 ms and repetition times of 100-150 ms (depending on heart rate (HR)) was used. An 8 cm Â 4 cm field of view was acquired with a matrix size of 256 Â 128, resulting in a final resolution of 312 Â 312 Â 1000 m. To improve signalto-noise ratio, signals were averaged. Acquisition time for each slice was r2 min. Six to eight 1-mmthick short-axis slices covered the heart.
Pathological Evaluations with Transmission Electron Microscopy (EM) and Morphometric Analysis of Mitochondrial Damage
Ultrastructure (N ¼ 12; 8-12 weeks) was evaluated using transmission EM. Sections (approximately 1 mm cubes) were rapidly fixed in diluted Karnovsky's fixative as we have carried out in the past and processed for EM. 8 Transmission EM sections were Photomicrographs were enlarged to 8 Â 10 inch prints. Each electron photomicrograph was reviewed independently by two investigators for the presence of structurally abnormal mitochondria, for the presence of intramitochondrial lamellar bodies, and for intramitochondrial paracrystals as reported in human AZT-induced skeletal muscle mitochondrial myopathy. 10 Structurally abnormal mitochondria were operationally defined as having loss or dissolution of Z25% of cristae. The number of damaged mitochondria per photomicrograph was quantified and the fraction of mitochondria damaged was defined and analyzed by ANOVA.
Real-Time ECG in TGs
For ECG data from the HAART protocols with an
Methods employed resemble those used by us previously. 11 Data from continuous recordings of at least 25 ECG signals were used for analyses and interpretation.
ECG Analyses
DNC cohorts (N ¼ 5-11; 25-55 signals per cohort) were evaluated using real-time ECGs (without confounding effects of anesthesia). Each signal was analyzed using e-MOUSE, Internet-based physiologic waveform analyses software as described. 12, 13 The program used Fourier analyses and linear timeinvariant digital filtering of frequencies below 2 Hz and above 100 Hz to minimize noise. Software uses a peak detection algorithm to find the peak of the R waves and to calculate HR. The inverted and/or biphasic portions of the T wave were used to calculate the Q-T interval, 14 which was rate corrected (Q-Tc) by an algorithm developed for mice. Spurious data resulting from unfiltered noise or motion artifacts was rejected. The mean of the ECG time intervals for each set of waveforms was calculated. HR variability (HRV) was calculated as the standard deviation of all R-R intervals for each set of ECG signals, and the coefficient of variation (%) was calculated as the ratio of mean HRV to mean HR. 15 
Plasma Lactate
At termination of the experiments, samples were obtained by retro-orbital bleeding of anesthetized TGs and WTs (N ¼ 4-12) in ways that resemble those used by us previously. 8 For lactate measurements on HAART protocol, TG þ AZT HAART
Statistical Analysis
Determinations from all groups were compared by ANOVA as we have carried out in the past. 8 
Results

General
Growth, maturation, and fertility were similar in TG and WT.
Targeted Transgenesis of DNC
Two hemizygous TG lines were created. DNC RNA was abundant in myocardium of TGs. WT littermates exhibited native DNC expression. DNC RNA abundance was low in other tissues and followed the reported distribution 2 ( Figure 1a) . DNC polyA þ RNA from TG myocardium indicated significant DNC mRNA present in the heart (Figure 1b) . Immunoblot of mitochondrial extracts from hearts revealed abundant DNC in extracts from TG hearts compared to those of WT hearts (Figure 1c ).
ECHO and MRI Data from TGs and HAART Treatment
The DNC TG revealed no ECHO phenotype without the addition of stress from HAART that contained NRTIs. In AZT-containing HAART protocols, TG þ AZT HAART mice increased normalized LV mass (mg/g body weight) to 1.3970.10 compared to 0.9470.06 in TG þ vehicle. WT þAZT HAART LV mass was 0.8570.04 compared to 0.7870.03 in WT þ vehicle. TG þ AZT HAART LV mass was greater than that of any other in that experimental cohort (Po0.001; ANOVA; Figure 2a ). Analogous changes were seen with stavudinecontaining (D4T) HAART protocols. TG þ D4T HAART LV mass was 1.4470.07 compared to 1.0870.08 in TG þ vehicle. WT þ D4T HAART LV mass was 0.9570.06 compared to 0.8970.05 in WT þ vehicle. Again, the TG cohort treated with HAART that contained NRTIs exhibited the largest LV mass in that experimental group (Po0.001; ANOVA; Figure 2b ). In contrast to findings from these NRTI-containing HAART regimens, TGs and WT treated with the NRTI-sparing HAART regimen (nevirapine, efavirenz, indinavir) revealed no effect on cardiac LV mass (data not shown).
Cardiac MRI studies corroborated ECHO findings in TG þ AZT HAART protocols. Representative images of both four chamber and biventricular plane sections (Figure 2c ; paired figures) highlighted the structure of the ventricle walls and chamber cavities in two planes. TG þ AZT HAART demonstrated cardiomegaly and increased ventricular volume. Quantitation of LV cavity area revealed a 19-22% increase in TG þ AZT HAART LV compared to any other in that protocol.
Ultrastructural Features of Mitochondria in TG Hearts
The EM hallmark of cardiac targeted overexpression of DNC in TGs was found in mitochondria (Figure 3a and b). The striking and prevalent finding in DNC TG cardiac mitochondria was reduplicated cristae. This occurred in the absence of HAART treatment, but appeared to be more pronounced in TGs treated with HAART that contained NRTIs (see below). Treatment with HAART that contained NRTIs caused mitochondrial destruction and amplified damage from DNC overexpression. Features of NRTI-containing HAART treatment of DNC TGs included cardiac mitochondrial cristae reduplication (as seen in untreated TGs), but mitochondrial cristae dissolution (Figure 3a and b, bottom right panels), and accumulation of intramitochondrial amorphous material (Figure 3a and b, arrows) were found with treatment. Together, these suggested worse damage and correlated with CM from HAART that contained NRTIs.
Quantitative analysis of mitochondrial damage was performed on EM of myocardial samples to confirm the pathological impressions (above). The proportion of damaged mitochondria was represented as a fraction of the total number of mitochondria per field. The proportion was determined in blinded examinations of myocardial profiles of samples from the treatment cohorts (nZ187 mitochondria per sample group). Results demonstrated a significant increase in the damaged mitochondria (Figure 3c ; Po0.01; ANOVA) in myocardial samples from DNC TGs treated with NRTI-containing HAART (approximately 40% damaged mitochondria; more than in any other cohort; Figure 3c ) and confirmed impressions from the ultrastructural profiles.
Real-Time ECG and Plasma Lactate
DNC and WT littermates with and without HAART (N ¼ 4-11) were evaluated by ECG. Both NRTI-con- Figure 1 DNC TG analysis: (a) Northern analysis of TG with targeted DNC in heart: TG ( þ ) expression of DNC is significantly greater than WT (À) in heart. Expression in other tissues was similar in both TG and WT; (b) polyA þ RNA from TG cardiac extracts was increased compared to WT (À) levels; (c) Western blot against DNC confirms abundant DNC polypeptide in TG mitochondrial extracts. Mitochondrial protein extracts were normalized using antiserum against subunit IV of cytochrome c oxidase (COX IV).
Nucleoside reverse transcriptase inhibitors for AIDS W Lewis et al taining and NRTI-sparing cohorts were examined. HRV was the principal abnormality and was found only in HAART-treated TG cohorts (Figure 4a and b; Po0.05; ANOVA) irrespective of the NRTI used. No change in HRV was found in cohorts treated with NRTI-sparing HAART regimens. After 35 days (Figure 4c ), TG þ AZT HAART had elevated plasma lactate (3.2470.39 mM) compared to all other cohorts in that protocol (Po0.05; ANOVA), but an analogous change was neither found with D4T-based Figure 2 Quantitative analysis of ECHO images (a and b) and MRI images (c): histograms of calculated LV mass in treatment cohorts from HAART containing AZT (a),and HAART containing D4T (b). LV mass was calculated in a blinded manner, code was broken, and data tabulated. Data are normalized to body weight (mg/g) and plotted as mean7s.e.m. In either TG þ HAART protocol, the TG cohort treated with HAART revealed profoundly increased LV mass after 35 days (Po0.05; ANOVA). (c) MRI long-axis (left of pairs) and short-axis (biventricular) views of hearts from TG and WT mice treated with HAART: Cohorts were treated with HAART containing AZT backbone. TG þ AZT HAART reveals cardiomegaly and increased ventricular chamber dimensions, particularly the LV (arrow).
HAART nor with NRTI-sparing HAART regimens (not shown).
Discussion
The phenotype that resulted from targeted myocardial DNC overexpression was relevant to cardiac mitochondrial ultrastructure, mitochondrial dysfunction, and to AIDS therapy. NRTIs are fundamental components of HAART, but mitochondrial toxicity to different tissue targets is a therapeutic obstacle. 4 In this study, untreated DNC TGs exhibited structural mitochondrial changes on EM, but no dysfunction. Mitochondrial changes were amplified and accompanied cardiac dysfunction in cohorts treated with HAART that contained NRTIs. In contrast, NRTI-sparing regimens caused no functional changes. The cellular processes of NRTI mitochondrial import and phosphorylation [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] received increasing interest and awareness as playing a role in the regulation of mtDNA replication. 17 The DNC TG here offered an approach to evaluate NRTI toxicity in vivo and linked NRTI toxicity to mitochondrial import and nucleotide homeostasis. 4 For some time, our group [26] [27] [28] and others [29] [30] [31] [32] [33] [34] [35] have studied mechanisms of mitochondrial toxicity of NRTIs focusing on inhibition of DNA pol g (reviewed in Kaguni 36 ). NRTIs are firmly linked to altered mtDNA replication 10, 37, 38 through the DNA pol g hypothesis. 39 This was expanded to include oxidative stress and mtDNA mutations in a 'mitochondrial dysfunction hypothesis' 4, 40 where the importance of intramitochondrial availability of NRTIs and other features were increasingly apparent. Data herein in vivo underscore points of the hypotheses.
Previous in vivo studies with TGs and/or NRTIs focused on the impact of HIV as an independent variable for morbidity. 9, [41] [42] [43] [44] [45] [46] It is reasonable to conclude that DNC plays a mechanistic role in mitochondrial defects from thymidine analog-based HAART. Intramitochondrial abundance of phosphorylated and unphosphorylated native nucleo- sides and NRTIs affects inhibition mtDNA replication at the level of the nucleotide substrate. The DNC TG helps explain compartmentalization and utilization of NRTIs in mitochondria. Moreover, the absence of CM changes in TG and WT cohorts treated with an NRTI-sparing HAART emphasizes the importance of NRTIs in the pathophysiology of deleterious mitochondrial events.
Energy deprivation in other CMs
47,48 may be critical to mitochondrial dysfunction. The initiating step of NRTI toxicity here may be mtDNA depletion, decreased energy abundance, or structurally abnormal mitochondria. Energy deprivation was absent basally in DNC TGs. Treatment with HAART that contained NRTIs resulted in full-blown CM. In contrast, CM was absent with NRTI-sparing HAART It remains to be determined whether the primary mechanism in DNC TGs is increased intramitochondrial NRTI concentration, disruption of nucleotide homeostasis (and mtDNA replication), or if other mechanisms are involved. In the studies herein, a time course of events that lead to the end point were not undertaken. Ultrastructural features were key findings in DNC TG hearts and were corroborated morphometrically. Mitochondrial ultrastructural defects were amplified by HAART. This point was confirmed quantitatively. The ultrastructural features of TGs treated with either AZT-or D4T-containing HAART were similar.
It may be worthwhile to speculate that DNC plays a role in AIDS CM. 49 Samples from fetal primates treated with NRTIs in utero showed cardiac mitochondrial structural defects. 50 mtDNA mutations were found in tissue samples after cessation of NRTIs received in utero. 51 Since CM occurred with AZT-and D4T-based HAART, both NRTIs were functionally and structurally toxic to mitochondria.
In summary, we expressed human DNC transgenically in the murine heart. Cardiac mitochondria from these DNC TG hearts had reduplicated cristae and amorphous deposits, but no dysfunction. CM occurred in TGs treated with HAART that contained NRTIs. CM features included increased LV mass, LV dilation, increased HRV, hyperlactatemia and mitochondrial destruction. HAART regimens without NRTIs caused no changes of CM. Future studies with DNC TGs may help further clarify mechanisms of NRTI toxicity to mitochondria and how the effects may be prevented or ameliorated in patients. 
